In this work, nanoparticles of zinc oxide were synthesized; they were formed using the sol-gel method (citrate route) at calcination temperatures (Tc) of 500, 550 and 600 °C. For all samples studied, IR spectroscopy showed the presence of the bands associated with water molecules present in the zinc oxide and carbon dioxide adsorbed on its surface. The formation of zinc oxide phase was confirmed by XRD, which showed that from 500 ºC it had this type of Wurtzite structure. However, samples calcinated at 600 ºC have higher crystallinity. Crystallite size was calculated using the Scherrer equation. The Rietveld method was used to obtain lattice parameters a and c for Wurtzite cell types as well as cell volume and the ratio c/a of each sample. These parameters do not show significant changes when they are compared with values obtained from samples with different calcination temperatures. Electron paramagnetic resonance showed the presence of defects in the zinc oxide. Three signals with g values of 1.96, 2.00 and 2.04 were associated with oxygen and zinc vacancies. Defects in the structure disappear when the calcination temperature is increased. The sample that was highlighted with the highest concentration of vacancies has a mean crystallite size greater than 30 nm, and this may also be responsible for this feature.
Introduction
Zinc oxide (ZnO) is a type II-VI semiconductor with a direct band gap of 3.37 eV and stable Wurtzite type structure with lattice parameters a = 3.25 Å and c = 5.21 Å [1] . It is an important semiconductor material due to its applications, which include transparent conductive oxides (TCO) [2, 3] , ultraviolet (UV) blockers, and photocatalysts, among others. As photocatalysts, the reduction of organic pollutant compounds and the remediation of organic contaminants, mainly azo type (compounds that interact with visible light), can be mentioned as being the most important in terms of usefulness. The presence of free radicals or vacancies in them are responsible for these applications and some authors have established that the amount of them is dependent on the crystal size, given that the ratio surface / volume increases as the size of the material decreases to a nanometer range [4, 5] . ZnO is a relatively open structure with a hexagonal-close-packed lattice where Zn atoms occupy half of the tetrahedral sites, while all octahedral sites are empty [6] . The open structure also influences the nature of defects and the diffusion mechanism. The identity, quantity, and stability of these radicals or vacancies are features to consider when this material is required in a particular application. Applications for these types of materials depend on their electrical and magnetic properties and these depend on the method by which they were prepared [1] [2] [3] [4] [5] .
Many methods for the production of ZnO nanostructures have been described in the literature such as laser ablation [7] , hydrothermal methods [8] , electrochemical depositions [9] , chemical vapor deposition [10] , thermal decomposition [11] , the combustion method [12] and the co-precipitation method [13, 14] , resulting in zinc oxide nanoparticles with a nanometric size. The sol-gel method allows the mixture of the initial reagent on an atomic level, which, while there is control of chemical composition and there are quite homogeneous materials in its composition, reduces the possibility of having impurities that are difficult to detect and has good reproducibility. Materials of high surface area can be prepared at a low cost and the experimental procedure can be easily undertaken [15, 16] . In this work, pure zinc oxide was synthesized using the sol-gel method (citrate route) at various calcination temperatures. Structural properties and the mean crystal size were determined by XRD, and its purity was assessed by infrared spectroscopy. The presence of free radicals, vacancies or defects was observed by electron paramagnetic resonance, which could be associated to potential uses of these materials as reductors of organic pollutant compounds.
Materials and methods
Nanoparticles of Zinc oxide were prepared by the sol-gel (citrate route) method using Zinc Nitrate, Zn(NO 3 ) 2 •6H 2 O (Panreac) as the starting materials. Citric acid C 6 H 8 O 7 •H 2 O (Panreac) was used as a complexing agent. A stoichiometric weight of metallic cation was homogeneously mixed in deionized water using magnetic stirring at 70 °C. Then, Citric acid was also dissolved in deionized water for 30 minutes. The Citrate/Nitrate ratio used was 1. The solution of Zinc Nitrate in the solution of Citric acid was added slowly. The reaction mixture was heated at 70 °C with continuous stirring until gel formation. The product obtained was dried at 130 °C for 12 hours and pulverized for 30 minutes using an agate mortar. The precursor materials were calcined at the calcination temperature (Tc) of 500, 550 and 600 °C for 12 hours 4. These samples were denominated in ZnOTc form. The reaction of zinc oxide formation can be written as described in equation (1):
(1)
Infrared spectra were carried out in a Fourier transform spectrophotometer Shimadzu IRAffinity-1 in the range of wavenumber 4000-600 cm -1 . X-ray diffraction measurements were performed on a diffractometer Panalytical Pro MPD using polycrystalline silicon as a calibration standard in 2θ range of 10-90, and using CuKα1 radiation and a step size (2θ) of 0.0260. Sweep time was 18.6860 s. The EPR spectra were carried out on a Bruker X-band spectrometer ESP-300 at different temperatures. A frequency of 9.45 GHz and a modulation amplitude of 10.496 G were also used in this procedure.
Results and discussion
The purity and molecular structure of the samples were determined by infrared spectroscopy. Fig. 1 shows the FTIR spectra of the nanocrystalline powders of zinc oxide. The two peaks at ~3428 and 1590 cm -1 are attributed to the stretching vibrations of the -OH group and the deformation of H-O-H bond, which are associated with small amounts of water existing in the zinc oxide 1. The band corresponding to ~ 2400 cm -1 is associated with CO 2 molecules that are adsorbed on the surface of ZnO 17,18. The bands that are near to 1000 cm -1 are associated with metal-Oxygen tension and bending, in this case, Zn-O. An increase of the temperature in this band is associated with high Zn-O bonding due to thermal evolution of samples 18. Two small bands are observed at 2920 and 2850 cm -1 , possibly due to -CH 2 groups belonging to the metal-organic chain formed during synthesis [18] ; these are small residues and the bands are not intense. All these results were independent of calcination temperature (Tc). 2 shows diffractograms for ZnO samples as well as the precursor material studied at different calcinations temperatures. At this point, the evolution of the precursor material is displayed, which is an organometallic compound (zinc citrate), and its evolution towards zinc oxide can be appreciated when calcination temperature is higher than 500 ºC. For all samples studied, all diffraction peaks were associated with Zinc oxide according to the PDF-Card 36-1451 (2004 PDF2 database) and the structure was a wurtzite type. There were no observed peaks corresponding to some of the reagent precursors or other secondary phases, and all samples have good crystallinity, which increases at the same time as the calcination temperature Tc. The Wurtzite structure for ZnO, is therefore observed from Tc = 500 ºC and this calcination temperature could be enough to obtain samples that are going to be used as a photocatalyst, that in turn decreasing production costs.
It is worthwhile mentioning that the diffraction peak associated with the plane (101) is the most intense one, and this may be due to the synthesis method used since it has been reported that for thin films the most intense level corresponds to the (002) reflection 19-21. The preferred orientation of growth, determined using a texture coefficient TC (hkl) was calculated using equation (2) 19 and showed that for all samples calcinated, the preferred growth plane was (100) except ZnO calcinated at 600 °C, which grew preferentially in the plane direction (101).
In this equation, I (hkl) is the measured relative intensity of the plane (hkl), I 0 (hkl) is the relative intensity of the standard plane (hkl) taken from the JCPDS database, N is the number of reflections in the diffractogram, 7 being the most intense (Fig. 2) , and n is the number of used diffraction peaks, which in our case was 3 associated with the planes (100), (002) and (101). For a sample that has randomly oriented crystallites, the value of TC(hkl) is equal to 1, whereas if this value increases, it means that the greater abundance of crystals is oriented in one particular direction (hkl) 20 . TC(hkl) data for the three main diffraction peaks (100), (002) and (101) are shown in Table 1 .
Mean crystallite size was estimated from the Scherrer equation, with a gaussian fit,
where  is integral breadth (in radians),  is the wavelength of X rays (CuK radiation, 0.1540598 nm), K is Scherrer's constant that depends on the directions of the crystal lattice and crystal morphology [21] ; its value is 0.94 and  is Bragg's angle. Integral breadths of diffraction peaks for all samples were calculated using the following equation:
Where  instr is the integral breadth for a calibration standard, and  m the integral breadth for diffraction peaks of synthesized samples. The results for D s are shown in Table 2 , and D s values are nanometric. The lowest D s is obtained when calcination temperature is 550 °C; ZnO calcinated at 500 °C has an average crystallite size above 30 nm. Differences in crystal sizes (Ds) are determined by the Scherrer equation, and this is true for all samples as they have different integral breadth values as consequence of the fact they were calcinated at different temperature Tc.
The lattice parameters a and c as well as cell volume (V) were calculated by the Rietveld method, using the Fullprof program 22. Table 2 shows the calculated values. a and c do not change significantly with calcination temperature. The ratio c/a shows the deviation that crystalline structure of the samples presented with respect to the theoretical network hcp (hexagonal compact packing, the value of which is 1.633). The deviations regarding the theoretical value may be products of microstrains and the concentration of defects in the crystal. attributed these lines to shallow donors, which show a slight anisotropy because of the Wurtzite type crystal structure of zinc oxide 26. The sample calcinated at 550 °C showed a small concentration of defects associated with Oxygen vacancies, while the sample calcinated at 600 ° C showed no vacancies, at least in the order of determination of these defects by EPR. It means that pure ZnO calcinated at 550 ºC could be used as a photocatalyst if the oxidation/reduction activity were caused by the presence of defects or vacancies. The sample is highlighted with the highest concentration of vacancies that has a mean crystallite size greater than 30 nm, and this may also be responsible for this feature.
Conclusion
Zinc oxide nanoparticles were synthesized at calcination temperatures of 500, 550 and 600 °C. For all samples, the formation of wurtzite-type structures of zinc oxide was observed. The crystal size indicates that samples contain nanosized crystals, and that there are also small microstrains associated with small variations in the hexagonal lattice of zinc oxide. Lattice parameters showed no significant variations in the unit cell due to variation of the calcination temperature. The presence of water and Carbon dioxide molecules on the surface of zinc oxide was evidenced by infrared spectroscopy. Zinc vacancies and oxygen were shown by electron paramagnetic resonance, a process in which their disappearance is shown as long as the calcination temperature increases. The presence of vacancies in samples calcined at Tc = 500 °C, which reacts with a mean crystallite size above 30 nm should be the best catalyst performance or oxidizing/reducing agent.
